We present the appearance of negative differential resistance (NDR) in spin-dependent electron transport through a few-atom spin-chain. A chain of three antiferromagnetically coupled Fe atoms (Fe trimer) was positioned on a Cu 2 N/Cu(100) surface and contacted with the spin-polarized tip of a scanning tunneling microscope, thus coupling the Fe trimer to one non-magnetic and one magnetic lead. Pronounced NDR appears at the low bias of 7 mV where inelastic electron tunneling dynamically locks the atomic spin in a long-lived excited state. This causes a rapid increase of the magnetoresistance between spin-polarized tip and Fe trimer and quenches elastic tunneling. By varying the coupling strength between tip and Fe trimer we find that in this transport regime the dynamic locking of the Fe trimer competes with magnetic exchange interaction, which statically forces the Fe trimer into the high-magnetoresistance state and removes the NDR.
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Spintronics utilizes the electron spin as a further degree of freedom in solid-state devices.
New spintronic applications in magnetic sensing, data storage and quantum information processing are enabled [1] [2] [3] because of the low power needed to manipulate spins compared to charge-based electronics. due to their nonvolatility and low power consumption compared to the charge-based electronics. In this respect, there is great interest in translating general functionalities of conventional charge-based electronics into a spin-based footing.
Negative differential resistance (NDR), referring to a decrease in current with increasing voltage, is an important effect that enables a two-terminal device to operate as an amplifier or oscillator. It is usually achieved by the shift or occupation of electronic states in semiconducting tunnel junctions [4, 5] , transport through atoms, molecules and quantum dots [6] [7] [8] [9] [10] [11] , or recently by the charging dynamics of dopants [12] .
Spin-based NDR has been reported for electron transport through single or coupled quantum dot devices [13] [14] [15] or through single molecule magnets involving nondegenerate spin multiplets [16] . It has been proposed that spin-based NDR, purely based on spin-spin interaction, will appear in inelastic electron transport through anisotropic magnetic systems coupled to one ferromagnetic lead and one nonmagnetic lead [17] but this effect has hitherto not been observed experimentally.
Here we report the appearance of spin-based NDR in inelastic electron transport through an anisotropic antiferromagnetically coupled few-atom spin-chain in a spin-polarized scanning tunneling microscope (STM). In this configuration, the spin-polarized tip acts as the magnetic lead with a precisely adjustable position, and the sample substrate as the nonmagnetic lead which the spin-chain directly lies on. Inelastic scattering of electrons locks the spin-chain into an excited spin state with large magnetoresistance. This suppresses elastic tunneling between ferromagnetic lead and spin-chain causing NDR at very low voltage. By varying the STM tip-sample distance we adjust the coupling strength between spin-polarized tip and spin-chain, and measure variations in the NDR. We find that electron tunneling competes with magnetic exchange interaction between the spin-polarized tip and spin-chain that occurs when bringing the spin-chain into contact with the spin-polarized tip. For weak coupling, the dynamic locking of the spin-chain produces prominent NDR, whereas for strong coupling, the magnetic exchange interaction removes the NDR by forcing the spin-chain into a spin state configuration that does not permit it anymore.
The experimental setup is depicted in Fig. 1a . The few-atom spin-chain is sandwiched between the tip of a STM and a Cu substrate (Fig. 1a) . The Cu surface was passivated by a monolayer of copper nitride (Cu 2 N) prior to the experiment and the spin-chain was assembled by placing three Fe atoms (Fe trimer) at a spacing of 0.72 nm on Cu binding sites of the Cu 2 N layer [18] [19] [20] [21] . A spin polarization of the STM tip of η t = 0.6 was achieved by picking up several Fe atoms which remain at the tip apex and applying an external magnetic field of up to 2 T [22] [23] [24] . This geometry effectively creates a double-barrier structure into which the Fe trimer is embedded with one spin-polarized and one non-polarized electrode (Fig. 1b) . At low temperature (0.5 K) this enables long lifetimes of spin excitations in the Fe trimer, ranging up to microseconds [20] , such that tunnel currents as low as picoampere By contrast, the I(V ) curve, recorded with a non-spin-polarized tip is more symmetric on the positive and negative bias sides, and shows no NDR, Fig. 1f . Instead, it features kinks at +6.8 mV and −6.8 mV, which result in steps in dI/dV spectrum, Fig. 1h . The absence of NDR for non-spin-polarized current demonstrates that the NDR is not caused by moving a localized electronic state through the transport channel as found for tunneling through molecules [25] , non-magnetic clusters or dopants [12] . It must instead be caused by a spin-dependent effect which links to the magnetic states of the Fe trimer.
The steps in the dI/dV spectrum recorded with a non-spin-polarized-tip indicate the onset of significant inelastic tunneling at 6.8 meV that can promote the Fe trimer into excited 4 spin states [26, 27] . This is coincident with the voltage position of the NDR in the spinpolarized dI/dV spectrum. To determine whether the observed NDR is indeed caused by dynamic processes [18, 28] induced by inelastic electron transport, we performed conductancedependent measurements with the spin-polarized tip. I(V ) curves were recorded with successively increasing setpoint conductance, Fig. 2a . We characterize the strength of the NDR feature by the peak-to-valley current ratio (PVR) [5] , as shown in Fig. 2a . Starting at a junction conductance of 0.01 µS (referenced at +15 mV) we find that the magnitude of the NDR grows as the conductance increases up to a value of 0.27 µS, achieving a maximum value PVR = 1.61. For even larger conductances, the PVR breaks down at 0.43 µS and diminishes until the NDR feature vanishes at a conductance of 0.95 µS, Fig. 2b .
These conductance-dependent measurements clearly link the NDR to a dynamic effect induced by the tunneling electrons with energy close to or at the inelastic tunneling threshold.
It is therefore likely that it relates to the dynamic interplay between the spin state occupation of the Fe trimer and the rate at which spin-polarized electrons tunnel through the Fe trimer.
To develop a deeper insight, we model the experiment using a Pauli Master equation approach [18, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] , accounting for the average spin state occupation of the Fe trimer and the rate of tunneling electrons between the electrodes (STM tip and Cu substrate) and the Fe trimer. The time evolution of the spin state population is given as:
where n i (t) is the average occupation of each spin state and r ij is the transition rate from state j to i. The transition rate r ij = r whereˆ S is the vector spin operator of the magnetic atom with which the electron interacts,ˆ σ is the vector spin operator of the tunneling electron andÎ is the identity operator accounting for spin-independent scattering with strength u. This scattering Hamiltonian was previously found to quantitatively account for elastic and inelastic electron tunneling at magnetic atoms and molecules [18, [42] [43] [44] [45] [46] [47] [48] [49] [50] . To first order, the transiton rates are given by the product of this operator's transition matrix elements between the spin states of Fe trimer |i and |j [24] .
Then, the I(V ) curve can be expressed as:
whereñ j (V ) are the steady state solutions of equation (1). Taking the numerical derivative of the I(V ) curves yields the dI/dV spectra which are fit to the experimental data using least squares optimization [24] . At our measurement conditions (0.5 K temperature, 1 T or 2 T magnetic field), thermal occupation of state |2 is negligible. As the sample bias decreases from zero, the occupation of state |2 increases only slowly since the probability for direct transition between the two states is small. All electric current is carried by elastic spin-dependent tunneling. When the bias drops below −6.8 mV, state |2 becomes populated rapidly and dynamically locked in this state, Fig. 3b . State |2 has a markedly smaller transition matrix element for elastic tunneling than state |1 because of the spin-polarized STM tip. Hence the rapid occupation change decreases the conductance quickly and the net current through the Fe trimer drops.
The effective magnetoresistance between spin-polarized STM tip and Fe trimer is therefore (Figs. 3c,d) . Surprisingly the PVR, i.e., the NDR amplitude, also reduces. This is caused by an increase of the transition rate from state |2
into the intermediate states which reduces the occupation of |2 compared to 1 T, Fig. 3b .
This sensitivity of the NDR to magnetic fields points to the importance of considering the coupling between the spin-polarized tip and the Fe trimer in more detail. For tunnel current to flow, wave functions of the Fe trimer and the tip must overlap. Since the tip apex is spin-polarized and magnetic, the same overlap may induce magnetic exchange interaction [51] . Indeed, the reduction of the PVR for junction conductances in excess of 0.27 µS (Fig. 2b ) cannot be explained by the increasing tunneling rates alone. Antiferromagnetic interaction between spin-polarized STM tip and Fe trimer must be included in order achieve quantitative fits to the I(V ) curves [24] .
The interaction reduces the energy separation between states |1 and |2 and increases the transition probability. For an applied magentic field of 1 T and junction conductances larger than 0.27 µS this leads to significant population of state |2 even at |V | < 6.8 mV (0.5 K).
Therefore, upon reaching the excitation threshold, the change in the state population is less pronounced compared to smaller junction conductance and the NDR is reduced (reduced PVR in Fig. 2b ). In addition, the energy separation to the intermediate spin state of the two-step excitation reduces which is observed as a position shift of the NDR to lower bias, negative bias side disappears at larger junction conductance in comparison to 1 T external magnetic field (Fig. 4a and Fig. 4b ).
Since tunnel current and exchange interaction typically decay exponentially with tunneling gap size [20, 52] we consider a conductance-dependent Ising interaction of the form
where κ is the ratio of decay constants for tunneling and magnetic interaction.
By fitting the conductance dependent dI/dV spectra with 1 T and 2 T magnetic field simultaneously, we find κ = (1.1 ± 0.1) reproduces both measurements with high accuracy, Fig. 4c . Hence, magnetic interaction and tunnel current are carried by wave functions with similar decay into vacuum emphasizing that both effects are of equal importance for the spin-based NDR.
In conclusion, we report spin-based NDR from a antiferromagnetically coupled few-atom spin-chain in a spin-polarized tunneling junction. The NDR occurs at low bias magnitude of 7 mV and is caused by a two-step excitation that drives fast transitions between the two Neel-like spin states of the spin-chain and dynamically locks it in a configuration with large magnetoresistance. The NDR varies non-monotonically with the junction conductance between spin-polarized tip and spin-chain. We attribute this behavior to a competition between dynamic locking by inelastic electron tunneling that produces NDR and static magnetic exchange interaction that prevents it. Our measurements suggest that both effects are mediated by similar wave functions and likely linked inseparably. This spin-based NDR will be observable for other magnetic nano-objects with discrete spin states, such as single molecule magnets [17] and nano-ferromagnets [46] . As it occurs at very low voltages, on the order of the magnetic anisotropy and at low currents, it may prove useful for applications in low-current spintronic devices. Due to the sensitivity of this NDR to magnetic interaction the effect has potential as the basis for an atomic-scale magnetic sensor. 
